Hyperthermal-neutral beams have been proposed as a charge-free alternative to plasmas in select processing steps. Existing prototype sources include three generic types: gas-dynamic, ionneutral-charge-exchange and ion-surface-neutralization beam sources. We find that in surfaceneutralization type sources, which have the highest flux, residual current can still flow to the substrate. However, this charged particle flux is several orders of magnitude smaller than the hyperthermal-neutral flux. Here we discuss the source of this residual current and methods for further reductions.
Plasma proce,ssing of materials is essential to many manufactured products, particularly in the semiconductor industry. In many advanced products, e.g. ULSI circuits, plasma-induced damage is becoming an issue.192,3 Such problems may not be avoidable by minor alterations of existing plasma tools because of fundamental relationships between plasma formation and loss, radiation generation, minimum plasma sheath potential drop, and material properties.
Neutral beams are being considered as replacements of plasmas in select fabrication processing steps.4 These efforts have focused on three generic types of sources: gas-dynamic, ion-neutral-charge-exchange and ion-surface neutralization beam sources.5~6~7~8~9~10~ 11912913 Neutral beams produced by surface neutralization of plasma ions14$15316>17 appear to have the best potential for semiconductor processing.5 Surface-neutralization sources have been used to create neutral beams with peak flux densities of -1018 cm-2s-1 over areas of several cm2 with energy controllable between 1 and 25 eV. Newer sources, having larger beam areas, have also been d e m o n~t r a t e d .~ Finally, the gas phase chemistriesls should be similar to those obtained in conventional plasma processing. process. This source is described in detail elsewhere.5 Three features are important to the data presented here. 1) A magnetic field, in a planar-magnetron geometry, is used to provide plasma confinement and an electron-cyclotron resonance heating zone. The magnetic field strength at the entrance to the tube connecting the source and process chambers is such that the electrons are magnetized but not the ions. 2) A removable collimator is located inside the connecting tube.
3) The platen consists of a black anodized A1 base on ceramic breaks and a 15-cm diameter metal mask. The ceramic electrical breaks allowed the platen to be either electrically floated, biased or grounded.
In a previous test of the neutral-beam source, the hyperthermal-neutral flux was determined to be on the order of -1015 / c m k In that test, photoresist-coated Si wafers were ashed under a variety of conditions.5 It was also found that the calculated hyperthermalneutral flux, estimated using a simple model of the neutral trajectories, was consistent with the measured ash rates.
In comparison, the average ion flux to the substrate, estimated from the platedwafer current I,, is on the order of -3~1012 /cm% or less. Using a 2 mTorr Ar discharge, wafer currents, wafer floating potentials, V,f, and cathode currents, I,, were measured. Typical examples are shown in Figs. 2 and 3. The platen was electrically grounded to the cathode when I, was measured. Under most conditions, the dominate current was negative, presumably due to electrons flowing to the platen. This is consistent with the measured negative floating potential. Only when the In an ideal neutral-beam source, no charged particles would reach the substrate. Some of the plasma-processing-induced damage appears to be due to spatial variations in the charged-particle flux to the ~urface,~g leading to potential gradients and subsequently material damage. For this, or a similar source, to provide truly charge-free processing we must understand the origin of the observed wafer current.
There are several potential origins to the observed currents. These include: ions and electrons streaming from the plasma, secondary-electron emission, and photoelectrons induced by the UV radiation emanating from the plasma. The specific sign of the latter two current sources will depend on location of the electron production. Because I , is observed to vary strongly with the cathode bias, Vc, photoelectrons are not believed to be an important source of electrons. (Additional research is required to prove this assumption.) While the number of ions that flow from the source chamber to the platen is regulated by the local electric and magnetic fields, some estimates can be made. Near the location of the collimator, the magnetic field is parallel to the axis of the connecting tube.
Thus, under normal operating conditions, Vc < 0 V, one would expect ions to flow directly from the plasma to the platen. The ion flux into the connecting tube is I/e = nicsA = lo'* s-'
where ni = 5x1010 cm-3 is the plasma density, cs = 5x105 cm/s is the ion acoustic velocity, and A = 39 cm2 is the area of the opening when the collimator is removed. Considering the geometry and the exposed surface areas in the tube and processing chamber and ignoring the magnetic field, one might expect -1% of the ions to reach the platen; representing an ion current of -1 mA. The ion current will be balanced by electrons from two sources, directly from the plasma and from secondary electrons emitted from the chamber walls. Figure 4 shows a Langmuir probe trace taken in the source chamber, 3.6 cm above the collimator and 1.7 cm off axis. Of particular importance is the electron 'beam', energy -25 eV, observed in this location. Analysis indicates that the high energy population accounts for as much as -20% of the total electron population. The location of this population of high energy electrons has been correlated to the location of the electron-cyclotron heating zone.2* For small negative V,, --5 V, these high energy electrons can still flow to the platen.
Secondary -electrons can also provide part of the observed current, For low-energy, < I keV, Ar ion impact on iron the emission coefficient is -0.058. (The emission coefficient due to the hypertlhermal neutrals is zero.) Thus, the maximum rate at which secondary electrons could be produced in the connecting tube and proces,sing chamber is -5~1016 s-l. If all of these electrons came from the walls and went to the platen, the measured electron current would be --9 mA. Thus, considering the chamber geometry, one might expect a platen current of --1 mA, or smaller, from the secondary electrons.
By confining the plasma to locations that are out of line-of-sight of the platen we can greatly reduce the wafer current. Most of the current observed at the platen can be attributed, directly or indirectly, to ions and electrons flowing from the plasma. Further, by confining the plasma out of the line-of-sight, we will reduce the amount of ultraviolet radiation reaching the processing chamber and hence we will reduce the production of photoelectrons.
Here, we have shown that the hyperthermal-neutral flux to the wafer is -3 orders of magnitude larger than the ion current; thus reinforcing that the ashing previously observed5 with this source primarily is due to the hyperthermal neutrals. We have also found that the residual currents to the platen can be reduce by confining the plasma out of the lineof sight. Further studies of the prototype source are planned.
